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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

TECHN ICAL MEMORANDUM NO. 410.

UIGH_SPFED OIL ENGINES FOR VEHICLES.

By Ludwig Hausfelder.

PART III.”

As an example of an ignition—chémber engine, I will men-
:ftion the Diesel engine orf Lenz & Company, which was first ex-

. hibited at the 1924 Berlin Automobile Exposition, and which-
~ was installed in a motor truck (Fig. 27). The engine, whose

; combustion chamber differs but little from that of the Mannheim
stationary engine, had four separate vertical cylinders with a
125 mm (4.92 in.) bore and a 180 mm (7.02 in.) stroke; furnished
about 45 HP. at n = 1060 R.P.M.; and was started by an auxil;—
ary motor with ventilated valves. The first ignitions were pro-
duced by means of an electrically heated spiral wire situated

in the ignition chamber. The truck, which was equipped with this
engine, was not exhibited af the 1925 expositicn, so that it

- may be assumed that the engine has not yet been satisfactorily
‘f developed as a vehicle engine. On thé other hand, the two-
?3 cylinder engine made'by the same company has proved very satis-
: factory, espe01a11y for motor plows, tractors, field-railway

1ocomot1ves, etc. In spite of the fact that the attendance and

*"Schnellaufende Oelmotoren fir Kraftfahrzeuge." From "Der Motor-
wagen," December 30 and 31, 1936, and Jamuary 10, 1937. For
Parts I and II, see Technical Memorandums Nos. 397 and 403.
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care cannot be very good witﬁ such uses, it has given no cause
for complaint. To be sure, it can be termed neither a high-
speed nor a very light engine -~ with a bore of 135 mm (5.31 in.)
and a stroke of 200 mm (7.87 in.) it furnishes 30 HP. at n = 800
and weighs abmut 30 kg (66 1b.)/HP., — but it exhibits such a
similarity to the modern vahicle engine, that it should be men—
tioned.at this point. The upper part of the crank case is cast
from aluminum in one picce with the cylinders and the cylinder
linings are exchangeable cast-iron bushings. The lower part of
the crank case and the separate cyvlinder heads are East iron.
Further detanils are shown in Figs. 88-29, which (for the lack of
German sources) had to be taken from "Automotive Industries,"

of October 2329, 1925. The final compreséion pressure is 32 atmos-
' pheres ard the pump pressure about 70 atmospheres. It 1s started
by hand, the ignition being produced by a nitrated paper car—

~ tridge which is introduced through 2 hole intc she ignition
chamber, the cértridge being held securely in place by a bayonet
fastening. '

A modern vehicle engine, working on the rnechanical-injection
principle, ig the light H.A.N. Diesel engine, wnhich develops
about 50 HP. at n = 1000 R.P.M., with 115 mm (4.53 in.) bore
and 180 mm (7.09 in.) stroke. Its weight, including the flywhéel,
" ie about 500 ke (1102 1b.) or about 10 kg (22 ib.)/HP. The cylin-
ders are cast in a block, rest on an aluminum crank case, and

have detachable heads for each pair of cylinders. The hanging
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valves are actuated in the usual way, through push rods and rock-

_ing levers, by two cam shafts in the crank case (Figs. 30-31).

'HFor each cylinder there are two single-hole injection nozzles

- which are supplied by the same pump (Fig. 32). The engine can

: be started from the cold condition, either by hand crank or by
the electric starter without any special auxiliary fuel or other
means for producing ignition. The Iubrication and water circu-
lation correspond thrcughout to the systems commonly employed

~ in carburetor engines. Outwardly the Diesel engine differs from
the carburetor engine only in the substitution of the fuel pump
and nozzles, with the necessary piping, in place of the carbu-

- retor, spark plugs and magnetos.

These parts are entirely new fo the automobile constructor
and are all the more difficult to make, because there is no de-
scription or pattern to start from. Although it was not possi-
ble to apply the knowledge obtained from experience with sta-
tionary engines to high-sveed vehicle engines without critical
investigation, it was still less practicable to adapt these
parts, derived from large Diesel engines, to small vehicle en—
gines simply by proportionately reducing their dimensions. On
the contrary, comprehensive theoretical and experimental research
was necessary in order to discover suitable foundations for the

" designing of these parts and to construct practically utilizable
typesf It would bé erroneous to claim that these researches are

" fintshed. On the contrary, we are still in the midst of %hem
. J
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;and far from their completion. The following description of
.nozzles and fuel punpgs can therefore give only a very imverfect

‘ﬁicture of the present stage of development.
i )

i Fuel-Injection Nozzles.

] .

. As already stated in the description of the injection proc-
‘ess, the atomization depends chiefly on the atomization pressure

and the kind of nozzle usecd. The chief requirement of a nozzle

?is to produce as unbrcken & Jjet as vossible, coupled with maxi-

by
N
¢

‘mum penetrative power and fineness of atomization. Since the

jpenetrative power of the jet is increased by the use of long

'tapering channels, while on the contrary, the fineness of the
spray is increased by short channels and suitable shapes of the
nozzle outlets, we nmust zererally accept compromise solutions.
From the numerous X%inds of nozzles, whose sbundance ig indicated
by the greatly increased aunber of patents in this field, it is
obvious that constructors are trying to find the best combina-
,tion.of these conflicting conditions.
Nozzles can.first e classified as open and closed, accord-

ing to whether the fuel pipe is slut off from the combustion
lchamber (except during the actual injection period). They can
vfhen be clageified, according to their cross sections, as round-
hole nozzles (single-hole and multi-hole nozzles), slot nozzles
‘and annular nozzles. Whén it is considered that most of the noz-—

zle forms mentioned can be either open or closed nozzles and that,
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in many of these nozrles, there is the further vossibility of
impartiny a rotary motion to the fuel jet bv means of spiral
grooves'(whirling—spray nozzle), the ¢ifficulty of a systematic
and critical valuation of all the nozzle forms can be comprehend- -
ed. I must therefore restrict myself to the description of a
few typical nozzles, which are cither of special importance for
vealcle engines or specially characteris¥ic of the development

of the compressorless or "eirless" Diesel engine. Of the closed
nozzles, I will first menticn the single-hole and multi-hole noz-
zles (Figs. 33-34) controlled by a conical needle. Due to the
slight edge effect, the atomization is not vervy good, so that
they will hardly find use in high-speed engines. Fig. 35 shows
the original MoKechnie nozzle. The fuel, which is @ivided by
the longitudinal grooves in the valve spindle, is largely atom-
ized on the sharp edges of the nozzle mouth and valve head as it

leaves the nozzle. In the Peugeot-Tartrais nozzle (Fig. 38) the

valve head is flat, so that the jet is affected only by the

sharp edge of .the nozzle rmouth. On the other hand, Tartrais
utilizes the whirling effect of the spiral grooves in the valve

nindle for impartiag additional velocity to the fuel jJjet through

9]

entrifugal acceleration. The increase in velocity thus obtained

Q

mav be quite large. Comparisons by Woltjen (See N.A.C.A. Tech-

T

" f#ical Memotrdadum No. 403, p.19 ff and Plate I, Figure f) show

that the same degree of atomization can be obtained with a spi-

rally grooved valve spindle (whirling-spray nozzle) at a pump
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f pressure of 150 atm., as with a smooth valve svindle at a pres-

Lmsure of 250 atm Thls result is very valuable, because the re-
{‘ductlon in the quulﬁlte pump preSSure means not only a somewhat

ﬁ¢smaller consumption of energy in the operation of the pump, but

- also a much greater facility in keeping it tight. The fact, how-
- ever, that the whirling-sprx ay nozzle is now being less used is

- because it produces a very broad spray cone with 1ess penetrat-
ing power than the narrower spray cones produced by other noz-—
zles. On the other hand, ihe whirling-spray nozzle can be advan-
tageously used, when the angle of the spray cone is varied ac-

cording to the engine load. Fig. 37 shows the nozzle of the

f1

iy

Lanz hot-bulb engine "Bulldog," in which the spirally-grooved
valve spindle can be moved with reference to the nozzle mouth.
When it is at a distance from the nozzle mouth, the effect of
the spiral grooves is almost entirely eliminated and the nozzle
vroduces a pointed spray, which is best suited to the conditions
prevaliling in the hot-bulb engine at a smaller load and lower
revolution speed. The annular nozzle (Figs. 38-39) was probably
designed originally to eliminate any vossible fouling of the noz-

zle by the valve spindle. Another advantage is the guiding of

the fuel for a longer distance and the greater penetrative power

ST TR SR T

imparted to the fuel drops in a small jet.
Most modern nozzles are no longer operated mechanically by
"a cam shaft, but automatically thrbugh the fuel pressure itself.

This pressure lifts the valve spindle against the closing force
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of an exterrally avolied spiral spring and leaves the nozzle
cross section free. The fuel valve closes as soon as the fuel
pressure falls below a certain point. The injection process

can be so controlled by the suitable adjustment of the tensiqn
6f the spring, that the fuel will be.injected'only after a cer-
tain pressure is reached. On'again failing below a certaiﬁ_pres—
sure, the injection will be shut off with corresponding quick-

ness. It is thus possible to bring the injection vprocess into a

certain independence of the delivery curve of the fuel pump and

. largely to control, through a suitable combination of the valve-

1ift and pump—pressure curves, the injection process which de-
termines the further course of the combustion line. If the con-

trol of the injection vrocess is not effected by an adjustable

spring, but is left to a special form of pump, a check walve,

held by a weak spring, then suffices to vrotect the fuel-delivery

vpipe from the strongly fluctuating pressure conditions in the

~cylinder. - An especially simple type of nozzle is obtained by

constructing it so that it is automatically opened or closed by
elastic deformation at certain pressure changes. Fig. 40 shows
an older nozzle of the South CGermany Engine Company at Kussnacht
("Acro") with an annular cross section. It consists of a sta-
tionary cvlindrical or conical spindle firmly fitted into a

round sharp-edged opening. The wide mouth vroduces a fine atom-

-~ izatilon, while the spindle guides the fuel Jjet. This nozzle

therefore revresents a very practical compromise. So far as any
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information has been published, it has been successfully uced in
high-speed engines. :Another nozzle which opens through elastic
aéfofﬁa€ién is the "Lip" nozzle made by the Hannover "Waggonfao-
rik" (Figs. 41-4R) in which two symmetrical or unsymmetrical
flexible lips open so aé to form a ﬁarrow slot and allow the fuel
to egcape in the shape of a fan. Here we also find extended out-
let edges, though without any speolal jet guldance.

in all mechanically operated nozzles, which are closed by
disk valves, oprlng valve spindles or elastlc deformation, the
outlet cross sections vary as the 1n3ect10n pressure but, when
check valves are used, the cross sections remain constant during
the injection periodL |

Nozzles which are shut off from the fuel pipes simply by

check valves form the transition stage to the open nozzles, in

which there ig no valve between the outlet valve of the oump and

the mouth of the nozzle. The fact that some of the leading

P L A SI%

firms are giving increased attention to the open nozzle is doubt-
.less due to the advanfages of this tyﬁe, which make it very
suitable for certain purposes and especially for small engines.
The DIlﬂClDal danger is that the open nozzles may become n1ogged
from the combustion cbamber side by oil'and carbon deposits, and

that their small outlets are more liable to obstruction by impur-

= “ y¢1ggin the fuel, than are the closed nozzles in which the dep-
osition of forelgn substances is generally prevented by the

valve spindles. Although the impurities are removed as much as
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possible by filtering, there 1is never any absblpte guaranty
against the clogging of the nozzles. The nozzles should be easi-
ly exchangeable and of éimbie design, so that they can be easily
and quickly cleaned. The encrusting of the nozzles from the
combustion chamber has not caused so much trouble as was antici-
pated. It is probable that the effective cooling of the nozzle

by the fuel column prevents the adhesion of devosits. On the

.other hand, the open nozzle has the advantages that it can be

easily and cheaply made, that the elimination of the valves re-
moves a source of troﬁble, and that the air liberated from the
fuel is automatically carried off under all circumstances.
The_simplest possible nozzle is the single-hole nozzle
(Fig,.45), which is used mostly in stationary engines. The im—
vossibility, for structural reasons, of going below a certain
bore bften renders it impossible in high-speed engines to atom-—
ize finely enough the quantity of fuel injected. The same is
true in a greater degree for multi-hole nozzles, which can only
servé as central nozzles”for large cylinders. Its use in vehi-
cle engines is also opposed to Hegselman's statement that the

ignition delay can be reduced to a minimum with a smaller number

‘of holes (i.e., by stronger concentrations in the chemical sense).

A better atomization is possible with slot nozzles than with

" round-hole nozzles, on account of the . extended outlet edges of

the formei, which more thoroughly disperse the emerging jet.

Fig. 44 shows an exverimental nozzle, made by the South Germany
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Engine Company,; which consists of a tube pressed together so as

-:touform a narrow slot. .The-faneshaped'jet is finely atomized

-
.

by the rectangular edée. Another and more promising way tc ob-
tain veryv small drops consists ;n'dividing the fuel inside the
nozzle into two or more jets and in making these jéts imoinge
on one another at a predetermined angle at the mouth of the noz-
zle. Fig. 45 shoﬁs a nozzle designed by Brenkeit, in which the
component jets strike one another at an obtuse angle. Even at
moderate préssures the atomization is very complete and is much
better than in single-hole nozzles at the same injection pres—
sure. On the other hand, the directional and menetrative force
of the ‘jet is less since mﬁoh the larger portion of the energy
of the jet 1s expended in the woﬁk of atomization. This disad-
vantage is skilfully avoided in a nozzle made by Junkers (Fig.

468), in which the two component jets strike each other at an

s
angle of 90°. The resultant of the velocities of the component
jets is then in the direction of the emergent jet and imparts to
the latter a sufficient directional and penetrative force. In
designing this nozzle, special attention was given to facility
of cleaning, by making the fﬁei channels in the form of mutu-

ally crossing grooves in the conical end of a stationary remov-

able spindle.

e g e e

The gquestion, as to whether open or closed nozzles are
preferable for heavy-oil vehicle engines, is difficult to answer

and can be decided only in comnection with the structure of the
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engine in other respects, einze ths chcice cf “he nozzle is
closely comnected with the chave ant size of the combustion
chamber, and the most favorable conditions can be determined
only on the test stand. The greatest advantage of the open
rozzle is its extremely simple and steble structure, which en-
ables rapid renlacement and cleaning. Furthetmore, the vrevi-
ously mentioned automatic ceaeration of the fuel pipe-is of
special advantage for venhicle engines, all the more because

the shaking of the vehicles liberates more air bubbles than in
stationary engines. On the other hand, there are other objec-
tions to their general adoption, aside from the possibility of
the clogging of the open nozzle. For open nozzles, we have
first to bear in mind that oil is considerably more comoressi-
ble than water, and that the compressibility of the fuel, as
well as the elastic expansion of the pipe, produces a measurable
shifting of the injection instant. This delay in the beginning
of’ the injection can be entirely eliminated by the proper ad-
justment of the pump. It is not so easy, however, to terminate
the injection so as to prevent subseguent driovping focm the
nozzle, due to said elastic expansion. Iore will be said on
this subject under the head of fuel pumps.

When it was stated in the description of closed nozgzles

that;.éspeciéilf in nozzles whose mouths were cloged by heavily

loaded disk valves or valve spindles, or by flexible "lips," the

outlet crose sections vary in proportion to the injection pres-—
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sure, the characteristic was named, which forms the fundamental
distinction between open and closed nozzles and can determiné
the choice of one or the other type. The constant outlet cross
section of the open nozzle, for all pressures and outflow quanti-
ties, is coften insufficient, at low revolution speeds and engine
loading, to produce satisfactory atomization. On the other hand,
the outlet cross sections of closed nozzles, corresponding to
the lbwer injection pressure (due to greater leakage of the fuel
pump) at low revolution speeds, open only just far enough to
produce a good atomization through the increased frictioﬁ of the
closer edges of.the nozzle mouth. The important characteristic
of a good idling speed can therefore be obtained much easier
with closed nozzles than with open nozzles.

Notwithstanding the fact that the vehicle Diesel engine of
the M.4.N., which company has probably had the most experience
with such engines, functions satisfactorily at idling speed with
oven nozzles, I still feel constrained to expresslthe opinion
that closed nozzles are, in-general, the more suitable for véhi—
cle engines. If they are made witﬁ flexible "lips," they are
almost as simple as open nozzlés. In this type there is, of |
course, the danger that, due to the'cumuiative effect of high
combustion temperatures, the nozzle lips may partially lose
their elasticity or be permanently deformed. I believe, however,
that this defect can be reduced to a practically harmless magni-

tude by the use of suitable metal.
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- Fuel Pumps.

Perhaps the fnel pump makes tne constructors of high-speed
Diesel engineés cven more trouble than the correct choicz and
dimensioning of the nozzle. The pumo has the important task of
controlling the combustion process by regulating the time and
course of the injection. If, in the dimensioning of the nozzle,
theoretical problems aré principally to pe solved in close con-
nection with thermodynamic problems, the designing of the pump
then offers particularly important problems for the physicist.
The construction of the pump makes great demands on the work-
shop and constitntes a criterion of the accuracy of the workman-
ship. |

The difficulty of the problem is evident, when it is real-
ized that, for a four-cylinde? 50 HP. motor-truck engine, the
pump has to deliver quantities of fuel varying frdm 30 to 170 mms®
(0,00183-0.01037 cu.in.) at each piston stroke. These small

quantities must be accurately measured and be injected at pres-

- sures of about 300 atm. without any considerable leakage, even

at the minimum pump speed of n <« 300 R.P.M. Furthermore, the
pump must be of very simpnle and stable structure and protected
against any prossible admission.and accumulation of air. Any ex-—
cessive pressure, due to obstructions in the pipe or nozzle,
must.be eliminated.

Investigations need to be made as to which of the kinds of

pump regulation employed on stationary compressorless Diesel
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engines can be used on high-speed vehicle engines. The pumps

in most common use are the ones with Variabie stroke,'with over—

: flow through.a throttle opening, and with mechanically controlled

§ discharge valves. The pump with overflow through a throttle op-

i ening (Fig. 47) is very simple and inexpensive. t is regulated,

© during the whole discharge stroke, by the return flow of the

B fuel, into the suction vipe through an opening whose free cross
section is regulated by a needle valve. This pump, which has

. worked well on stationary engines, especially on account of its

: small bdck pressure on the regulator, can hardly be used on ve-
hicle engines because, with the small quantity of fqel delivered -
(i.e., with wide-open throttle cross section due to the dimin-
ished fuel vclocity), it allows excessive quantities to pass
over; in other words, because 1t is excessively regulated. lluch.
better is the pump with variable discharge stroke, which is usu-
ally made with oblique-cam regulation (Fig. 48). The rapid
wearing of the cylindrical or barrel-shaped tapvet-guide roll-

' ers, which roll in point-contact on the oblique céms, is unsat-
isfactory. The pump with cam-guided intéke or overflpw valve
(Fig. 49) must be regarded as the best solution. In this pump

. the effective stroke is suddenly interrupted by the opening of

| the suction or overflow valve at ah instant determined by the

— governor and the discharge .space of the pump is short circuited

" with the suction pipe.

The variable-stroke pump is suitable only for closed noz-
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- duces the best atomization at the maximum piston speed of the
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zles, in which a strong valve spring determines the beginning

anc¢ end of the discharge stroke and therefore the portions of

-the oump-pressure curve in which the excess pressure of the

' fuel is increasing from zero and then falling back to zero.

Since the nozzle bore is generally so calculated that it pro-

- fuel pump, the atomization is often insufficient, especially at

' the begimning of the fuel delivery. Care must therefore be

taken to obtain a rapid pressure increase. In so far as this
is not possible through the suitable shaﬁing of the cam, it can
be helped by causing the cam to act, not directly on the pump
piston, but on a push rod which, during its upward motion,
pushes against the lower end of the piston and thus indirectly
communicates the maximum velocity. This method has the disad-
vantage that the hard shock and the sudden nressure increase
must be absorbed by the elastic yielding of the fuel pipe and
the compression of the fuel itself. The rapidly oscillating
waves of condensation and rarefaction thus produced in the fuel

aré reflected rack and forth between the pump and nozzle and

~affect the injection process in a menner hardly to be anticipat-

ed. These pressure fluctuations are especially harmful toward
the end of the injection period. If the needle valve does not
close quickly_enough oT tight enough, there Will be an after-
dripping from the nozzle which, through after-burning, has a

harmful effect on the combustion process and may cause incrus-
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;taulon of the nozzle tip.

The pump with overflow regulation, in which the discharge

~Btroke 1s suddenly 1nte*rupted by the opening of a valve, is
8 . ;
ﬁtherefore much better. The pressure equalizaticn can be produced
£
by opening the suction valve or an overfiow valve in the com-—
.4, 3 .

»

,@r8951on chamber, which valve 1s.conneuted with the inteke pipe

and is 1lifted by a tapoet afuer covering the effective piston
stroke corresponding to the position of the governor. If, as is
usually the case with open nozzles, a very sudden pressure drop
?is desired, the cross sections opened by the intake valve will
fgenerally be too small for the fuel to expand guickly without ex-
cessive throttle losses. In this case, special overflow valves
with rather large cross sections are almost exclusively used.

A gudden removal of the oressure from the delivery pine is facil-
itated by the fact that the quantity of o0il subjected to the
pressure change 1is made as small as poseible by using short and
small fuel vipes and also by the fact that the back-flowing fuel
'is not led directly into the suction pipe but into egqualizing
“chambers which can receive large quantities of liquid quickly
and without much resistance.

The disadvantages of suction and discharge valves which are
ot mechanically operated are not very noticeable at the hitherto
foustomary revolution speeds of n = about 80C R.P.M. of.fuel
a%uﬁpé'désignéd principélly for 19w—speed motor-truck engines.

Difficulties in this connection need to be anticipated only when
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. the engine soced is increased. Even now, however, it seems de-
© siravle to operate the suction valve mechanically or to replace

w1t by some other closing device. The reason for this lies in
kgthe fact that, on the one hand, the relatively weak spring of

-
i

fthis valve does not guarantee a precise termination of the suc—
f

“%tion stroke and that, on the other hand, the reliability of the
inump ié endangered by solid particles getting between the valve
-and valve seat, which can hardly be avoided, even with the most
ffcareful filtering of thé fuel. It has therefore been préposed
f;to replade the suction valve by ports operatéd by the pump
‘plunger. This'method, which is said to have worked satisfacto—
j ri1y in stationary engines, might not, however, be so good for
?veﬁicle engines. The fact that the piston works in a vacuum
during the first nmart of the éuction stroke, favors the gﬁsifi—
cation of the fuel residue from the pump, as likewise the admis-
‘sion of air. The collecting of air or gas in the fuel bipe
must therefore be absolutely prevented, since the ¢ompressibility
‘0of the gas in the fuel undoubtedly has an unfavorable effect on
_éthe injection vrocess. Thé'best solution would e mechanical
'joperafion through a piston valve, which shpuld be so constructed
thét it would contiol both the suction and the discharge; The
f;reliable tightening of the piston valve might be difficult, but
not impossible.
' The endeavor to produce a pump with mechanically operated

closing valves led to the proposal (by LOwenthal and Egers&grfer
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Conrad, and others) to use, as a2 fuel pump, the welli-known rota-
Ty miston pump, which has long been stccessgfully used as & spin-
ning pump, especially in the manufacture of artificial silk

(Fig. B0). The orinciple of this pump is based on *the fact that
two or moré pistons, connected mechanically by 2 joint, rest on
an oblique adjustable disk and, together witk +their cylinders,
rotate about an axis outside the cylinder axis but parallel to
it. A to-and-fro motion of the piston is produced vy the follow-
ing andlsliding on the obligue disk. The piston stroke is al-
tered by changing the obliqueness of the Cisk. The operation is

changed by alternate conncotion of the roteting cylinder with

‘the suction or discharge channels in a stotionary com vlate.

Fae

i

The rotary pump is classified, as a fuel. pump, in the group of
pumps with variable viston stroke and an approximately simus-
shaped delivery-pressure curve. £fince, however, the latter is
not desired, the orecsure relations cen e so controlled by
suitable channel formation, as to produce a quick rise and fall
of the delivery oressure.. When it is further considered that
the operation is entirely mechanical and that the rotary nump
functions without back-prossure springs and that all the movable
parts are sheltered by a simple cylindrical housing, it can be
comp:ehende@ that the p;qposai Qf its Lee for the purposes of
the high—speed Diesel c¢cnzine met with hearty avnpreval. Unfortu-

nately, however, the rctary pump a2lso has serious disadvantages.

In the first place, the cylinder walls and pistonz are strongly
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thﬂﬁed o7 the horizontal comoonents c¢f the piston pressure.

Then *he cylinder drum must be pressel firmly ageinst the cam

disk ring th° ¢ischnerge stroke, in order to avoid leaks dur-
ing the vassage of the ¢il from the puwp cylinder to the deliv-

ery channel. The unfavorable Oresdu“e curve, 1lncreasing in the
fTorm of a like-sided hyperbole acywn+otlcal .y to the axis of ro-
tation in the cam dislz or in the fronital surface of the rotating
crum, mﬁét therefore work itself out in unsymmetrical wear,
which excludes any permanent tigatness cof the namp. Whether and
to what extent these lefects can be remedied by improveﬁents
such as those pronosed by X. Miller {comoression pistdns between
the drum and cam Giskx, intermediate icvers for the prevention of
horizontal piston preassures, etc.), must be determined by lengthy
researches vet to be instituted.

A1l the avove-mentioned pumpe function with constant timing.
For motor vehicles, however, theré is often occasion for a change
in the timing of ﬁhe.injection,.in order to enablz o smoéth rin-

ning of the engine, esvecially at a 1ow revolution specd and &t

-1dling gpeed. It ie true that the fau*ty auamlzation at a snall

load and low piston sveed of the fuel pump automaticzlly causes

a certain ignition delaw, but revertheless the desired dbjeot

can be much mere accurats ely accomplishzd by olanal g the timing

of the injecticmn. In a normal pump, ithe beginning of the fuel

delivery can be regulated within narrow limits by an adjuqtab

intermediate lever tangential to the driving cem (Frey and
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Fischer). A greater range of adjustability requircs, between
the pumo ard the driving shaft, a coupling which allows a rela-

o

tive rotation of the pump shdzt.
At the present stage of develonrent, no special rules can
be formulated for the structural design of the pump. I wmust
therefore confine myself here %to a few general principles.
Since the pump piston is almost exciusively moved forward mechan-
ically by cams in the discharge stroke, but is nevertheless
moved backward by a spiral spring in the suction stroke, it is
impracticable to use stuffing boxes, whose friction might stop
the piston. It is therefore imvortant to grind both the cylin-
der and the plunger very carefully. At hizh liquid pressures,
the accurate fitting of these parts and of the valves is abso-
lutely necessary-for the succesg of the engine. Nevertheless,
especlally at low revolution specds, some leaks cannot be avoid-
ed, the effect of which wmust be offset by a corresponding excess
of fuel. In order to obtain uniform wear, the occurrence of
horizontal nressure components in the niunger must e avoided.
The use of long push-rod guides or the introduction of rocking
levers between the plungers and cams are sultable means for this

purpose. Strong cvlinder wallg, which eliminate eslastic defor-

mation, and the smellest possible clearanrces naturally follow

from the above considerations. - In desigrning the pressure cham-

vers and the arrangement of the valves, care must ve taken to

avoid the undesirable accumulations of air and egas, or at least




N.A.C.A. Technical Memorandﬁm Ne. 410

[AV]
et

to conduct them harmlessly away, by providing suitable dir valves
in the puﬁps or discharge pipes-

- For vehicle engines, which are predominantly multicylinder
four—sﬁroke engines, the individual pumps are grouped in a closed
aggregate with a common intake pipe. They are generally driven
by a short stub shaft with the cam shaft revolution speed. For
pumps whose forward stroke or whose valves are actuated by ob-
lique cams, it is expedient, accorcing to Rumpler's proposal,
to place the cylinders radially around the control cams (Fig.
51). The axial displaceﬁent of the cam simultaﬁeously affects
all pistons and valves in the rotation plane of the cam.

The structural difficulties maturally raise the question
of the desirability of cdeveloping standard pumps and verhaps
nozzles, as was long since done with masnetos and spark plugs.
The fact that thé fuel pump requires just as accurate workman-
ship as the maegneto and that, moreover, certain parts of its
driving gear (interrupter, automatic timing) can be advantageous-
1y used for the pump, indicates that the manufacturers of elec-
trical ignition devices requiring the highest degree of precis-
ion are especially called to produce a standard pump. -The int-
erest taken by the Bosch Magneto Company (which has become the
owner of the Acro patents by acguiring the stock of the South
Germany Engine Company) in the development of the Diesel engine
for vehicles, indicates that these views are entirely feasible.

There remains to he investigated as to how successful the
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Diesel engine has been in comparison with the carburetor engine
and as to what conclusions cén'be drawn regarding its use on ve-
h;ClGSf, The g?nera} eqonomioal adventages of using native fu-
els has already been mentionedrin the introduction. The advant—
: ages of their use for driving vehicles is best indicated by the
/i following Table V, which gives the operation costs of a five-

ton motor truck.

L Table V.

;: General expenses 5.6% . Fuel 11.0%

i Operating’® " 14.1% ci1 1.7%

;: Driver's salary 27.7% Repairs 10.9%
Insurance and taxes 4.0% Depreciation 15.2%
Tires 8.8% Total 100.0%

" Since gas o0il can now be tought for only one-fourth to
one-third the price of gasoline or benzol, the fuel cost would
be reduced to between 3.5 and 5% of the total expense. In ar-
riving at this conclusion, the unfavorable assumption 1is made
for the Diesel engine that its fuel consumption would be approxi-
mately equal to that of a oarburetor‘engingu The calculated sav-
ing of 9-10% in the quantity of fuel %fnsumed does not, however,
cover all the advantages of using heaﬁ§ oils. There is also a
reduction in'the fire hazard which is hard gr'expréss numerical-

#bly;__ihe_diﬁfiqglt;y.ignitiblgAhany 0ils can be kept in nlain

casks without the necessity of purchasing expensive fireproof

containers. The reduction of the fire hazard, both in the garage
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and in use, will doubtless result in a reduction of the insurance

-t

premiums. When the vehicles are used intensively, as on motor-

i fan
T

"bus lines, the saving in the cost of operation is greatly in

favor of heavy-oll engines. Here the proportionate expenses for

containers, repairs, etc., diminigh, while the expense for fuel

w=pr

3

may go as high as 30%. The use of heavy oils would reduce opera-
tion expenses about 20%, thereby greatly increasing the profits
, of such énterorises. |

As already mentioned, the assumption that the fuel consump-

S LT o 1

R

tion of a Diesel engine is equal to that of a carburetor engine,

is not quite accurate. In fact, the Diesel engine consumes only
190-220g (0.419-0.485 1b.) per HP./hr., a value which is hardly
attained by the best carburetor engiﬁes on the test stand, not
to mention actual operation. Figs. 53-54 give the fuel consump-
tion for several engines. The consumption of 185g (0.408 1b.)
per HP./hr., measured on the Acro engine at n = 1380 and
7-8 HP., which corresponds to a thermel efficiency of 34% ("Auto-
technik," 1924, No. 26, p.22) is quite remarkable. It is an im-
vortant fact for practical operation'that the fuel coxnsumption
(per hLorsepower) remains nearly constant within a wide rdnge of
~ revolution speeds (Fig. 55), though it increases quite rapidly
on carburetor engines with diminishing revolution spéed. Both
ﬁu,Diesel_and.c@rburgtor_engin§s consuﬁe about the same amount of
%ubricating_oil. Due %o morerpeifect cbﬁbustioﬁ; tﬂe'lubricdt—

ing o0il in the crank case is not thinned so much by the fuel in
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a Diesel engine as in a carburetor engine. As regards care and

attendance, no definite conclusions can be drawn from the compar-

~ ison. of -the two engine types, Gue to the lack of sufficient ex-
- perience in the operation of Diesel engines. In my opinion, how-

ever, the operation of a Diesel engine involves no especial dif-

ficulties and is not dependent on any svecial skill or tgohnical
knowledge of the drivér. On the other hénd,»the attendance and

upkeep of such an engine will require a special trained verson-

nel until its'peculiarities, as compared with the carburetor

engine, are more generally known.

3
P
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¢
.
.
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Aside from tractors, motor plows and locomotives, on which

;}theADiesel engine has been successfully used for some time, its
¢ géneral use on motor trucks may.be expected in the near future.
ﬁ-By no means, however,-will its use continue to be restricted
'.to heévy vehicles, but it may be expected to enter soon into
serioﬁs competition with the carburetor engine,ieven on light
vehicles. The Dorner Oil-Engine Company of Hannover, has al-
ready made a light vassenger car to carry about 250 kg (550 1b.)
i'and ‘equipped it with a compressorless Diecel engine (Fig. 58).
| The fou;—strokeﬂcyole.ﬁcchanica1~injection engine has two V-
© "placed, air-cooled cylinders of 100 mm (3.94 in.) stroke and
70 mm (2.76 in.) vore and gives apout 4.5 HP. at n = 1400 R.D.N.
m:Accord:'mg to reports pﬁblished in the technical préss ("¥irt-
) schaffémgfggafi§é4,.ﬁo.ili;.préjf the following data were Co-

tained with gas oil having'a specific gravity of ¥ = 0.864.
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Experiment 1 Experiment 3
(normal load) (overlozd)
. Revolution speed =~ 140C R.P.M. - 1400 R.P.H.
¢ Brake weight 3.800 ke 5.000 kg
/ .38 1%. 11.02 1b.
' Fuel consumption by 1.436 1/h £.084 1/a
i . volume 7.8 cu.in./ar. 127.9  ca.in./hr.
Fuel consumption by 1.240 kg/h 1.800 kg/h
'~ weight _ .73 ‘1v./kr. 3.97 1b./hr.
~ Bpecific fuel consumption ©2.375 kg/HP-h 0.3  kg/HP-h
.8 1b./EP.-hr. .85 1b./HP.-hr.
 Effective horsepower 4.5 HP 6.0 EP
4.4 HP. £.9  HP.
Mean effective piston
pressure 3.75 atm. 5.0 atm.
Thermal efficiency for '
10,000 calories per kg
(1143 B.t.u./lb.§ 0.23 0.21

The combustion was perfect and the fuel consumption sétis—
factory for an air-cooled engine of low power.
Fig. 57 shows a Frey and Fischer small engine with mechanical
injection mountcd on a moiorcycle. it develops & HP. at
n = 2400, with 90 mm (3.54 in.) stroke and 80 mm (3.15 in.) bore,
and is said to have a fuel consumption of 250g (0.55 1b.) per HP.
" ("Motorwagen" 1924, p.28).
No further detaifs of this engine, of the Dorner engine,*ndr
"of the Acro engine have:§ét bean published. It doubtless follows,
.however, from the inform2tion thus far published, that the right
way has been adopted for greatly extending the use of the Diesel

engine.
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If, in the present article, the discussion of the Diesel en-

gine, its manner of functioning and its most important parts have

¥l

i
3
¥
3
1
s

occunied much space, the reason is that, according to all indica-

T

tions, 14 is the particular oil engine which is not only able to

B

use native fuels with great economy, but is, above all, best

TR

adapted to the severe overating conditions of vehicular traffic.
The history of its development is brief (dating really from the

time when the inadequacies of heavy-o0il combustion by the explo-

sion method were recognized) and is by no means closed. Impor-
tant physical and chemicali phenomena are yet little understood and

fundamental questions are still strongly disputed. That diffi-

TR e T I s R T

culties have nevertheless been overcome, which seemed insurmount-

able six or seven years ago, is an accomplishment that cannot be
overrated. Although at that time noted specialists considered
the compressorless engine only conditionally utilizable,.even as
a stationary engine, there is today hardly any doubt that the
-productioﬁ of a light Diesel engine sultable for aircraft lies
within the realm of the technically attainableé. According to
American sources of ihfbrmation ("Mechanical Engineering," 19235,
p.789, Heavy 0il Engines), tﬁe'Eastern Engineering Cérporation,
Ltd., of Montreal, has produced from the designs of A. C. Attendu,
a Diesel engine for aircraft, concerning which more'details were

= given at a.xegghﬁ,meetiné_qf phi Sggiety of Automotive Engineers.
It is a two-cylincer, two—stroke—cyele eﬁgiﬁe-Wifhra.iéb mm

(5.51 in.) bore and a 160 rm (8.3 in.) stroke. It has a step
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piston, which delivers the scavenge air to thé cylinders through
mechanically operated valves. The:exhaust is regulated by valves
and vorts. The engine weighs about 175 kg (286 1b.) and works
with mechanical atomization at relatively high injecfion pres—
sures, said to reach 420 atm. (about 8000 1b./sq.in.). After
the engine had run 150 hours without a misfire in the Aeronau-
tical Engine Laboratory of the NavallAirbraft Factory at Phila-
delphia, it was accepted by the U. S- Navy Department in Novem-
ber, 1935. The engine did no%, hoWever% develop 100 HP. at
n = 1800 R.P.M., corresponding to 1.75 kg (3.86 1b.) per HP., as
mentioned in the contract, its maximum output being 85 B.HP. at
n = 1620, corresponding to 2.08 kg (4.54 1b.) per HP. By in-
creasing the revolution speed to over 3000 R.P.M., it is hoped
to increase the output to 135 HP. and to lower the power loading
correspondingly. This result will be of far-reaching importance
for aviation if further experiments, to be made on airplanes,
demonstrate the perfect availability of the Diesel engiﬁe for
this purpose. The small fuel consumption of the Diesel engine

: wbuld increase the radius of action of the airplane, while the
lower fuel cost would increase its economy. #Above all, however,
the use of a fuel which is not inflammable at ordinary tempera-
tures, insfead of gasoline, would mean a consideratle reduction
in the fire hazard and an almost complete elimination of fires
which so often result in catastrophies, especiall& on airships.

_ What form the future development of the light high-speed
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engine will take, cannot vet be predicted. I am therefore sim-

;, _ply_exp:egﬁégg‘myhoersonal opinion when I predict that the two-

stroke-cycle will determiﬂéHfhéwfutuié of +the swmall Diesel en-

e gine for vehicles. Here it offers oonsidefably less difficulties
than in large engines, where the high temperatures, which in-
crease rapidly with the revolﬁtion speeds, greatly impair the
Jubrication and the durability of the ﬁaterials- The way is
here indicated, however, for offsetting to some extent the
weight increase of the Diesel engine, necessitated by the higher
working pressures, by doubling the effective working strokes, so
that at most, it.will not be heavier than a carburetor engine.
While in the use of the two-stroke-cycle on the latter (in spite
of preliminary air injection and other preventive measures), a
mixing of the new charge with the residual exhaust gases and a
scavenging with fresh gas cannot be avoided, the scavenging in
the Diesel engine is done with air, thereby avoiding any waste
of fuel. For less exacting uses and cheaper engines without
very high revolution speeds, a two-cylinder engine with crank
case scavenge pump will suffice. The low volumetric.effioiency
of this soaﬁenge pump rust, however, ke improved,‘for which

~ purpose (since step pistons are excluded on account 6f the im—
possibility of making them air—tight) displacer pistons are the

m'“‘bést'suited.”'These pistons improve -the effective overpressure

of the crank case, by means of special connecting rods attached

-to the crank shaft or linked to the regular connecting rods.
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For higher revolution speeds} it will be sought to avoid the dis-
advantages of the crank case scavenge.pump (subdivision of crank
cééé;:ééreful éir—tighteniﬂé‘of crank shaft by iong journal
bearings, etc.), by using a specilal scavenge pump, preferably

a centrifugal or rotary pump. In comparison with the use of a
crank case scavenge pump, this arrangement shortens the engine
and enables the use of roller bearings for the crank shaft and
commecting rods. If we choose a threce-cylinder arrangement, we
obtain a well-balanced engine frece from inertia forces and tilt-
ing moments, which functions smoothly and satisfactorily without
any valve gear. The arrangement of the U-shaped combustion

' space, which has given excellent results both in small air-cooled
two-stroke carburetor engines and in large ship engines, must
also be taken into coansideration, all the more because the
double—piéton crank shaft drive affords very favorable kinetic
conditions for the operation of the inlet and outlet ports. In
choosing the scavenge pressure, one.must not be too saving. It
is better to use more power for supplying the scavenge air, pro-
vided the excess pressure can be used for:producing the desired
vortical motion. By the right ohgice of 'the scavenge pressure
and the suitable construction of the inlet ports, the air can

be given theldesired direction and velocity £rom the start.
‘This velocity can- then be utilized, in conjunction with the ki-
netic energy of the fuel jet, for effecting a rapid combustion.

Whether and to what extent overloading cen be used advantag-
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- eously for the purpose of permanent or temporary improvement and

Whether the energy of the exhaust gases is further utilizable
in exhaﬁét;éas‘tufbines, are questions which have not been suffi-
ciently solved to be answered hnere.

- Many of the questions raised here are problems which bave
long engaged the attention 6f automobile and aircraft engine de-
signers. Experimentation has been carried on in a2lmost all of
these fields. No systematic compilation and economic evaluation
of all this work has, however, yet been made. Experimental re-
sults of great scientific and practical value slumber in the
reports of the various researches, without (for economical or
other reasons) being able to participate in progress/é%%elopment.
At the very time when the cooperation of all investigators is
extremely urgent, there is a painful aloofness and commercial
secretiveness. The development of the Diesel automotive engine
might have made greater progress had not so many automobile
firms been indifferent or skeptical iegarding this new field.
This skepticism is prbbably a heritage from the time of the
heavy-oil carburetor engines, whose unsatisfactory performances
brought numerous complaints from their users. As regards.the
modern high-speed Diésel engine, this skepticism is out of place.

Naturally the development of this engine is a task which can be

accémplished only by comprehensive .and persistent.work in the

lavoratory and on the test stand, but the attainable results

fully justify all these efforts. So let it only be remembered
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that in view of the great interest taken in the use of crude

petroleum for automotive engincs not only in Germany but also in

Eastern Europe and in the Uhited States, the possibility of ex-—
porting commercial véhicles equipped with Diesel engines might
result in a great revival of our exvort trade. Now that out of
the many conceivable solutions, a few practical engines have
emerged, 1t becomes the task of the automobile industry to devel-
op them further. It is in a better position to do this, because
it has always owed its success less to large-scale researches
than to its thorough absorption in structural detalls. Moreover,
in its present stage, the development of the Diesel automotive
engine cannot dispense with such intelligent cooperation. Now
that the constructor of large stationary Diesel engines has
evolved the small automotive engine, it is the task of the auto-
mobile manufacturer to develop a reliable practical engine for
quantity production. The inevitable objection that automobile
manufacturers now have neither time nor means for exverimental
research cannot be rezarded as valid. Ceritainly a reasonable
imorevement in our production methods 1s a vproblem of far—reaching.
importance. Of no less impértance, however, is our moral duty

not only to pressrve the legacy of an Otto, a Diesel, or a May-

bach, but also to develop and improve this legacy. Activity in

‘éxbéfimént and research is like a bill of -exchange, the discount-

ing of which lies in the future. If we refrain from this risk,

we voluntarily exclude ourselves from association with those who
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control the markets of the world. If we succeed, however, in
uniting the intellectual forces cf Germany in a common cause, we

may expect to regain our former prestige in the world market-

Transglation by Dwight M. Miner,
National Advisory Committee
for Aeronautics.
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